Multiple immunophenotyping is aimed at identifying several cell populations in a single labeling procedure by their ability to bind combinations of specific labeled antibodies. The present work demonstrates the simultaneous discrimination by using image cytometry of aminomethylcow& acetate (MU), Lucifer yellow (LY), fluorescein isothiocyanate (FITC), R-phycoefythrin (PE), PE-Texas red tandem (Red613), peridinin-chlorophyll protein (PerCP), and allophycocyanin (APC), which were all bound to latex beads as streptavidin-conjugated fluorochromes. This has been the result of a stepby-step optimization of the several Eactors affecting the sensitivity and specificity of multiple immunofluorescence analysis. First, 14 streptavidin-conjugated fluorochromes were evaluated by using spectrofluorometry. A primary selection was then made of ten spectrally separable dyes that could be evaluated by using image cytometry. These dyes were bound to latex particles, and specsc fflter combinations were assembled to minimiz e crosstalk beMultiple fluorescence immunophenotyping allows the determination of several target antigens on individual cells by using fluorochrome-labeled antibodies. Thus far, double and triple immunophenot yping has been used extensively, for instance, to characterize hemopoietic precursor subpopulations (9, 11, 17,18,36) and to investigate aberrant antigen combinations expressed by leukemic blasts ( 5 ) . Recent works have demonstrated the feasibility of discriminating four (13,18,19, 22, 23,32,33) or five (4,8,27,38) fluorescence signals by using flow or image cytometry. However, to detect rare or complex phenotypes, there is still a need to devise methods for the discrimination of greater numbers of probes bound to individual cells. The development of multiple immunophenotyping has benefitted from the availability of monoclonal antibodies that bind to precursor subpopulations (7,28), from the introduction of sets of fluorochromes spanning a wide region of the light spectrum tween fluorophores while preserving su5icient fluorescence intensity and counting statistics. Potential probe associations were then assessed by measuring the emissions of all fluorochromes that were detected by each filter combination. The resulting crosstalk matrix served as the basic tool both for final selection of the optimal mter combination and for dye set (composed, in this case, of the seven fluorochromes described above) and for mathematical correction of residual spectral overlap. Next, an image cytometry system was adapted to collect seven images of matched brightness with the selected combination of excitatiodemission filters and dichroic mirrors. Finally, seven-parameter synthetic images were generated by digital image processing. o 19% wiley-~iss, L~C.
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Key terms: Multiple immunophenotyping, image cytometry, multicomponent analysis, spectral compensation (see references in Table l) , and from recent studies on the theory and application of multiparameter imaging (3, 8, 12, 33, 38) . Moreover, further improvements of such procedures can be provided by technological advances in fluorescence microscopy and digital image processing.
Our initial motivation in developing multiple immunophenotyping color analysis has been to help classify early hemopoietic precursors and progenitors and to de-termine their pathways of development. Because an informative phenotype of hemopoietic precursors should ideally specify both the lineage specificity and the stage of maturation, we estimated that the simultaneous detection of six to eight antigens would be required to enumerate uncommitted stem cells and progenitors committed to the granulomonocytic, erythrocytic, thrombocytic, and lymphocytic lineages. In leukemia diagnosis, multiple immunophenotyping could be exploited to improve the detection of aberrant antigenic phenotypes expressed by leukemic blasts.
A major problem in multicolor fluorescence applications is spectral overlap. Because of the broad excitation and/or emission spectra of available fluorochromes, the optimal emission band of each dye generally collects the light emitted by more than one component of the labeling cocktail. This fraction of the emission of a given fluorochrome, which is collected through an adjacent filter set, is termed spectral overlap. When more than four dyes are mixed, spectral overlap has to be corrected by mathematical rather than electronic compensation (330).
However, the accuracy of spectral correction based on multicomponent analysis depends on many factors, such as the fluorescence spectra of individual components, the selected excitation/emission bands, as well as a number of optical and electronic variables (24) . Therefore, a thorough and exhaustive examination of these variables is needed. In this paper, 14 streptavidin-conjugated fluorochromes were first evaluated by spectrofluorometr y. From this evaluation, an initial set of ten spectrally separable dyes and filter combinations were chosen. These dyes were then bound to latex particles, and the various parameters influencing the accuracy of multiple immunophenotyping were assessed by measuring the emission of all dyes in each filter combination. The resulting crosstalk matrix served as the basic tool for final selection of the optimal probe and filter associations, for development of the image cytometry set up, and for correction of residual spectral overlap. The present study illustrates the application of this strategy to the discrimination of seven protein-conjugated dyes bound to latex particles.
MATERIALS AND METHODS Fluorescent Conjugates and Microbeads
Because fluorescence immunophenotyping measures the emission of protein-bound fluorochromes, all of the model studies described below used streptavidin (SA)-fluorochrome conjugates rather than free dyes. SA-conjugates of Cascade blue (CB), Lucifer yellow (LY), Bodipy, fluorescein isothiocyanate (FITC), R-phycoerythrin (PE), Texas red ( TxR), and allophycocyanine (APC) were obtained from Molecular Probes (Eugene, OR). SA-conjugates of tandem labels of PE and TxR (Red6 13) and PE and Cy5 (Red670) were purchased 6rom Gibco BRL (Grand Island, NY). Peridinin-chlorophyll-protein complex conjugated to SA (PerCP) was from Becton-Dickinson (Mountain View, CA); aminomethylcoumarin acetate-SA (AMCA), cyanin 3-SA (Cy3), and cyanin 5-SA (Cy5) were from Jackson Immunoresearch (West Grove, PA). C-phycocyanin-SA (CPC) was purchased from Sigma (St. Louis, MO) ( Table 1) .
To simulate cell surfaces labeled with fluorescent antibodies, Accuscan synthetic microbeads (Sigma), which have surfaces linked covalently with goat antimouse immunoglobulin (IgG), were used as model particles. Their mean diameter, as measured by image cytometry, was 10.61 p,m with a coefficient of variation (CV) of 4.8%, and their mean cross-sectional area was 88.61 pm2 with a CV of 9.8%. They were sequentially incubated with mouse biotinylated IgG (Molecular Probes) at various concentrations for 1 h at 4°C and with SA-conjugated fluorochromes for 30 min at 4°C.
Spectrofluorometry
Excitation and emission spectra were obtained in an LS 50 Perkin Elmer spectrofluorometer. Fluorescence measurements were performed on solutions of streptavidinconjugated dyes diluted in phosphate-buffered saline (PBS) containing 0.2% bovine serum albumin (BSA). Emission spectra were corrected for the spectral characteristics of source, monochromators, and photomultipliers of the spectrofluorometer according to the procedure recommended by the manufacturer. Briefly, correction factors between 400 and 630 nm were obtained by comparing the emission spectrum of quinine sulphate, which was used as standard compound, with its corrected spectrum. Assuming that the wavelength-dependent efficiency of the detection system remained constant above 630 nm, a monotonous correction using the 630 nm correction factor was applied between 630 and 800 nm.
Fluorescence Microscopy
The microscope instrumentation is shown in Figure 1 of fluorescent images of the same field were collected sequentially with appropriate pairs of excitatioWemission filters. To compensate for variations in brightness due to different dye efficiencies, the excitation intensity was adjusted for each image by the two rotating polarizing filters. After each image collection, a shutter in the excitation light path was closed to minimize dye bleaching. Sequence of illumination was used for all preparations, beginning with the longest wavelength at 660 nm and ending with the ultraviolet (W) excitation at 365 nm. For each preparation, the voltage was adjusted to the highest value that gave no saturation in the brightest image (generally, the PE image) and was kept fixed for all sequential acquisitions of the same field in order to avoid image rotation. The black level was not removed electronically. An additional brightfield transmitted image was used for segmentation and as alignment reference. All images were recorded by averaging 100 frames for a total exposure time of about 4 s. Images were stored on disk for further analysis.
Selection and alignment of objects. The segmentation of objects 6rom background was achieved by an interactive thresholding procedure, which was performed on the brightfield image. A CLOSE operation connected incomplete outlines. Particles that were too small or dirt particles were removed on the basis of their size (less than 30 pixels). Attached spots were separated by a THINBIN procedure, which was used to erode object outlines. Objects were then filled. Detected objects were displayed as binary masks and were identified. An automatic step was used to discard objects touching the edge of the image frame and, finally, to check the objects to be quantified. Because the available emission filters did not have strictly parallel faces, object shifts occurred at the different excitatiodemission combinations. Therefore, sequential images of the same field were realigned interactively with the brightfield mask as reference.
Image restoration. The following corrections were performed on each image to ensure accurate fluorescence quantification. For shading correction, a set of reference images (one per filter set) was acquired that consisted of a drop of saline solution placed onto a Hamax slide. Each image was divided, pixel to pixel, by its reference and was multiplied by the mean gray level of the latter. Background correction was made by subtracting the modal value of the first peak of the gray level histogram obtained after shading correction. This value was considered to be a valid estimate of the field background, because it was unlikely to be influenced by cellular halos and impurities. The mean gray level originating from light reflected by the surface of unlabeled beads was also subtracted.
Image display and printing. The images shown in Figure 4 were obtained by converting the red, green, and blue images into .TIFF format and by exporting them to Photoshop software (Adobe, Mountain View, CA) for display on a PC screen and graphical sublimation printing. Following automatic compression, the images were stored on Bernouilli cassettes.
RESULTS

Development of Seven-Dye lmmunophenotyping
Primary selection of probes and filter sets. Multiple immunophenotyping required careful fluorochrome selection. A spectrofluorometric evaluation of 14 dyes was first performed to identify a combination of dyes that could be spectrally resolved (Fig. 2 , Table 1 ). When two probes were found to display approximately the same excitation and emission spectra, the less readily available probe was discarded: For this reason, FITC, PE, and APC were chosen in place of Bodipy, Cy3, and CPC, respectively. TxR gave a weak signal compared with its tandem with PE (Red6 13) and also was discarded. For the other pairs of spectrally close dyes (i.e., AMWCB and Red670/PerCP), selection could not be made from spectrofluorometric analyzes, and these had to be compared under image cytometry (see below). Appropriate pairs of excitation and emission filters were selected to optimize excitation and light collection while minimizing the crosstalk between fluorophores ( Table 2) . Excitation filters for AMCA/CB and LY were set to match mercury emission lines at 365 and 405 nm, respectively; a single filter at 485 nm was sufficient for excitation of FITC, PE, Red61 3, Red670, and PerCP, even though excitation of PE and PE tandems by the 546 nm line of the mercury lamp resulted in a greater signal-tonoise ratio than at 485 nm (34). APC excitation was set at 590 nm, slightly below its absorption maximum, in an attempt to reduce overlap with Cy5. Finally, Cy5 excitation was placed at 660 nm. Emission filters were set near the emission maxima of their respective dyes, except for Cy5, which was measured above 700 nm to facilitate spectral resolution from APC.
Determination of crosstalk matrix by digital imaging cytometry. Microbeads labeled with saturating concentrations of the different conjugated dyes were used. Emission intensities of all fluorochromes were recorded under eight filter combinations, which are listed in Table 2 . From these data, the crosstalk matrix of Table  3 was obtained. The columns indicate the fluorescence intensities recorded for each fluorochrome with the different filter sets; inversely, the rows record all dye emissions occurring through each of the filter combinations. This matrix, as shown below, served as the basic tool for both final dye selection and correction of spectral overlap.
Final selection of probes and filter sets. The matrix provided clear criteria with which to achieve a definitive dye selection. CB and AMCA could be both used as W-excited dyes. Other investigators have reported the superiority of CB over AMCA in terms of quantum yield and resolution (40). However, with the 4101530 nm LY set, CB, AMCA, and LY had emission intensities of 8, 3, and 47 units, respectively, indicating that AMCA was resolved better than CB in the configuration used, whereas both dyes gave near identical emission efficiency with the 365/425 nm set.
In the near W region, LY has an interesting spectrum. It has approximately the same emission as FITC at 530 nm, but its absorption band is located at the lower wavelength of 4 10 nm. Although it has a rather weak efficiency (4.7% of PE; see Table 3 ), LY excitation is ideally placed between that of AMCA and FITC. Therefore, LY was included in the fluorochrome combination.
In the group of 485 nm-excitable dyes, the most commonly used (FITC and PE) are easy to separate for twocolor immunofluorescence. Additional probes (i.e., Red613, Red670, and PerCP) that were introduced initially for three-and four-color flow cytometry along with FITC and PE were evaluated in image cytometry. Although there is considerable overlap between the emissions of PE and Red613, the high signals provided by these two dyes allowed their spectral discrimination. PerCP was preferred to Red670, because its narrower emission spectrum facilitated its spectral discrimination from PE and Red61 3.
Among red-emitting dyes, APC and CY5 were compared in image cytometry. Cy5 has a greater proportion of its emission above 700 nm than APC, but these two dyes could not be resolved spectrally when they were used simultaneously. This was due to the fact that too many dyes (i.e., PE, Red613, PerCP, APC, and Cy5) were detected with the 590/660 nm filter set, and this led to a spectral compensation that was too complex. The solution implemented was to measure APC fluorescence with the 660LP700 nm filter set, which was designed initially for Cy5, and to discard Cy5 from the probe combination. The spectra of the seven-dye combination that was selected with their respective excitation/emission filters are depicted in the left part of Figure 2 .
Modulation of image intensity. Because of the limited dynamic range of the ISIT camera and also because better discrimination can be expected if all images have comparable brightness, it was necessary to modulate the source intensity with two rotating polarizing filters positioned in front of the mercury lamp. The source intensity could be reduced up to 100-fold by turning the planes of polarization from parallel to perpendicular (Table 4) . The polarizing filters could be rotated between each image collection, making it possible to adapt the lamp output to each dye. The bright signals, especially those of PE, Red613, and PerCP, were attenuated, while the weaker signals of LY and APC were relatively amplified. Further amplification of AMCA and LY emissions would have been useful, but this option was limited by the high background in the UV region due to the strong intensities of the 365 and 405 nm lines of the mercury lamp and the insufficient blocking of the filters outside the mercury lines. Spectral overlap values recorded with relative amplification were consequently increased, whereas the other ones were attenuated. Therefore, a second spectral crosstalk matrix was acquired by using output modulation. All subsequent recordings using spectral overlap correction coefficients derived from this second matrix were performed under the same conditions of illumination adjustment (Table 4) .
Automatic spectral compensation. A set of linear equations describing the mathematical relationships be- tween all dye emissions was derived from the spectral crosstalk matrix (see Appendix). The equations were introduced into the image restoration program following the shading and background correction steps. The resolution of these equations was applied numerically to the mean gray level within each data region to yield the corrected value of each object. Pixelwise combinations were also computed by using the COMBINE procedure of the IBAS software to display corrected images.
Evaluation of Seven-Dye Immunophenotyping
Fluorochrome fading. Compared with free output, the interposition of two polarhers in parallel directions reduced the source intensity to about 50%, which was useful to reduce dye fading. Rates of fading produced with this baseline output in all cases were less that 10% during the 4-s exposure used. These were further slowed down by output modulation, except for the APC channel, Ten dyes were measured in eight channels to evaluate their potential spectral resolution. All data are from streptavidm-conjugated fluorochromes bound to latex microbeads at saturation (for fluorochrome abbreviations, see Materials and Methods). Fluorescence intensities are expressed in arbitrary units relative to a value of 1,000 attributed to the fluorescence of PE at 575 nm. Columns indicate the fluorescence intensities of each probe recorded in all channels; rows record all dye emissions occurring through particular filter sets. bFilter sets are indicated by the center wavelengths of excitation and emission bandpasses. 'This is a longpass filter.
which was recorded without additional source attenuation. Fading was reversible in part during the period following exposure, when the beam was shifted out from the preparation. Another way to reduce the influence of fading on spectral crosstalk values was to use the same sequence of illumination, beginning with the lowest energy at 660 nm and ending with the highest one at 365 nm. Precision and linearity of spectral compensation. Microbead 3 ( 7 ) 123.3 ( 1 0 0 ) 8.1 ( 8 Table 3 , lamp output was multiplied by the factors indicated for each channel. dThis is a long-pass filter. Table 3 .
shading corrections was established by the intercept of the regression lines with the axis origin.
Accuracy of spectral compensation. To verify that correction of spectral overlap did not cause some particles to be classified erroneously as positive or negative, two series of experiments were made. First, each of seven bead suspensions was labeled with one different dye; then, all seven suspensions were mixed (Fig. 4A) . The statistics of positive and negative objects, which are listed in Table 5 , demonstrate the ability of the image cytometry system to detect accurately seven distinct probes in one field and to correct spectral contaminations originating from any of these probes. The legend to Figure 4 A illustrates how the algorithm described in the Appendix performs the spectral correction. Second, two suspensions were labeled with several dyes: The first suspension was labeled with AMCA, FITC, Red613, and APC, and the second suspension was labeled with LY, PE, and PerCP. The two suspensions were then mixed together (Fig. 4B) . Signal intensities corresponding to presence or absence of labeling are shown in Table 6 . These data show that it is possible to identify multiple-labeled objects of different types on the same field. In addition, the S.D. of emission intensities recorded for negative objects provide a basis for determining the detection limit for each label. DISCUSSION This paper describes a methodology that is aimed at optimizing multiple immunophenotyping and applying it to the detection and measurement of seven SA-fluorochrome probes bound to latex microbeads. The main points of the strategy were 1) preliminary selection of fluorochromes and filter/mirror sets based on spectrofluorometric data of streptavidin-fluorochrome solutions, 2) determination of the spectral crosstalk matrix from cytometric measurement of labeled microbeads and reselection of separable probes, 3) modulation of source intensity in order to harmonize the brightness of images, 4) spectral compensation based on a set of linear equations derived from the modified crosstalk matrix, and 5) "Data from several fields (n = 87 beads) of the preparation depicted in Figure 4A were listed out in each fluorescence channel after background and spectral overlap correction. Each object was considered to be positive in the fluorescence channel where it had the highest gray level and was considered to be negative in the six others. Statistics of positive and negative beads are indicated for each type of labeling. P values for unpaired t tests between positive and negative objects were <0.0001 for all fluorochromes.
bFor fluorochrome abbreviations. see Materials and Methods.
evaluation of accuracy and sensitivity of the procedure. The strategy was iterative, because steps 2-5 were repeated until satisfactory discrimination was achieved. Because, when "n" markers are used simultaneously, the number of potential combinations of positive and negative probe emissions is 2", it may be necessary to analyze a few hundred cells to get significant population statistics. The maximum number of analyzable particles in one field is about 50 with the X40 objective used in this study; therefore, several fields of the same preparation would have to be collected in a seven-parameter phenotyping study. To rapidly analyze larger samples, the wider field of view provided by a reducing camera lens would be required. For instance, a X0.63 ocular lens could multiply both the light gathering power of the optical system and the viewing area by a factor of about 2.5.
To ensure the stability of spectral compensation, the ISIT camera was used at constant gain, a procedure that considerably limited its interscene dynamic range. Keeping the fluorescence of the seven probes on scale was made possible by tuning the excitation intensity with two polarizers for each dye collection. However, although excitation adjustment can extend the interscene dynamic range of the camera, this procedure does not affect its capacity to record widely variable emission intensities within a given field, i.e., its intrascene dynamic range (38). In cases where, in a given field, strongly labeled cells emit a saturating nonquantifiable signal (whereas some others give a barely detectable one), two methods may be proposed to extend the usable dynamic range available with the ISIT camera, whose range is intrinsically limited by its eight-bit gray level scale. First, two images recorded at low and high illumination may be merged after calculating a corrected intensity on each cell. Second, a double recording can be dispensed with if "Data from several fields (n = 30) of the preparation illustrated in Figure 4B were listed out in each fluorescence channel.
Each object could be attributed to one of two populations: The first one was labeled with AMCA, FITC, Red613, and APC and was negative for LY, PE, and PerCP, and the second one was labeled with LY, PE, and PerCP but was negative for AMCA, a camera with a much wider dynamic range, such as a 12-16 bit CCD camera, is used.
Based on the strategy developed in this study and the available equipment, we found that seven SA fluorochromes can be discriminated and measured. However, this is by no means the maximal number of probes that can be used in the context of immunophenotyping applications. For instance, utilization of Cy7 would only require a camera with sufficient sensitivity in the infrared region (31). Detection of propidium iodide-stained cells using a 360/620 filter set may be indispensable to ensure viability of the cells to be immunophenotyped and would be compatible with the dye combination used in this study. Europium chelates also have large Stokes shifts (29) and may have applications in the future.
Previous works have reported successful discrimination of seven probes by combinatorial analysis. These studies used probes labeled with mixtures of three dyes that were combined to provide up to seven color combinations (20,25). Combinatorial analysis is applicable when a given site (for instance, a chromosomal segment) will bind only one specific fluorescent probe. In the techniques described here, each cellular marker has to be labeled with a distinct fluorochrome, because a given cellular target may possibly be occupied by several antigens.
The application of the methodology developed here to cell labeling has several implications. It would be advisable to conjugate the weakest fluorophores to the antibodies that are expected to yield the strongest labeling.
The amplification provided by indirect labeling via biotin-streptavidin or antiisot ype can also help to increase the detection of these less intense fluorophores. Cellular preparations can also show a higher background in the A GOTHOT ET AL.
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AMCA, LY, and FITC channels because of autofluorescence. Unless the latter can be eliminated from the cell preparation, it must be corrected by using digital imaging methods, such as subtracting the mean fluorescence + 3 S.D. determined on a negative control preparation. A n additional consideration is the large variability of cellular antigen density, which may span up to four orders of magnitude of fluorescence intensity. Therefore, the wide dynamic range provided by CCD cameras may be required in order to permit accurate quantification and correction of cellular signals.
Multiple parameter phenotyping will certainly help to assess complex phenotypes in a single-labeling procedure, especially when one or several probes are expected to react with a small percentage of the population of interest. In such cases, it may be difficult to find unequivocal relationships from a series of two-or three-color labelings. This technique can also prove to be useful for the phenotyping of small samples, such as hemopoietic colonies in the early stages of their development. In many cases, the need for large cell numbers by flow cytometers may lead to a severe limitation of the numbers of usable probes. Image cytometry, however, requires only a few thousand cells to perform such an analysis.
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The coefficients al-a6 . . . gl-gb represent the crosstalks of a particular dye in adjacent filter sets. For instance, d3 is the fraction of the fluorescence of FITC at 530 nm that can be detected at 575 nm. These coefficients were measured experimentally under standardized conditions of lamp intensity and exposure times, and many of these were found to be equal to zero (see Table 4 ). By using percentage crosstalk values, the set of equations can be rewritten in a much simpler way: 
